Tetraalkyl ammonium hydrosulphides, despite being known since the 1960s, were never characterised in detail.
1 They are important building blocks in the synthesis of chalcogenide metal complexes 2 and clusters. 3 More recently, the synthesis of imidazolium and pyrrolidinium hydrosulphides was published. 4 The assumed ionic liquids (ILs) were used as starting materials for organic polysulphide salts, which were investigated as redox mediators in dye or quantum dot sensitised solar cells. A close inspection of the experimental sections in these published articles unveils a considerable lack of analytical data of these ILs. The previous synthetic procedures start from water and halide containing reagents and the crude preparation was typically not accompanied by thorough purification. 4 These conditions are far from ideal, to say the least -especially in view of the targeted electrochemical applications. This class of compounds is also relevant to lithium sulphur batteries, where they occur as a soluble, capacity-limiting shuttle system 5 and to the fabrication of chalcogenide semiconductor materials. 6 Also, the general redox and dissolution behaviour of sulphur and related elements in ILs is of continuing general interest. 7 In view of the high relevance of these substances, we set out to develop an access to high purity hydrosulphide ILs. It was aspired to exclude water, halides and metals and to establish reliable purification allowing the detailed characterisation of all substances. This could be accomplished by the proton induced decarboxylation of methylcarbonate anions 8 employing H 2 S as the acidic reagent (Scheme 1). The elegant reaction is easily expanded to the hydroselenide salts and a range of different cations. It is characterised by yielding only volatile, easily separated by-products and comprising no equilibria due to the irreversible decay of the methylcarbonate anion to methanol and carbon dioxide. Recrystallisation proved to be an effective purification method. Also [BMPyr] [HS] (5), which was formerly described as a yellow oil, 4a could be isolated in a crystalline form (Fig. 1 ).
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Upon attempting to reproduce the synthesis of bisimidazolium sulphides from the corresponding hydrosulphides under vacuum conditions, 4b we noticed an unforeseen volatility of the ILs 1 and 3.
Subsequently, we were able to implement sublimation at 10 À3 mbar and temperatures significantly below 100 1C as an elaborate, high end purification method. Increasing the pressure to 1 mbar still yields pure [EMIm] [HS] by sublimation, but the mass transfer rate is significantly decreased. Application of higher temperatures leads to partial thermolysis of the ILs, with 1-alkylimidazole and Scheme 1 Synthesis of imidazolium and pyrrolidinium hydrochalcogenides, yields after recrystallisation in parentheses.
dialkylimidazole-2-thione as the main decomposition products.
In the case of [EMIm] [HS] (1), even single crystals suitable for the X-ray structure determination could be obtained by sublimation (Fig. 1) . 10 The structure is characterised by hydrogen bonds between the C2 proton and the hydrosulphide anion. Weaker C-HÁ Á ÁS contacts are formed from C4, and the aliphatic CH 2 group of C6 (for a H-bond table and graphics of the crystal packing please refer to the ESI ‡). While aprotic ILs have long been understood to exhibit negligible vapour pressure, the last decade has shown that not only do aprotic ILs have a measurable vapour pressure but can also in fact be distilled in a vacuum at elevated temperatures.
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Nevertheless, the very high degree of volatility observed here is, to the best of our knowledge, unprecedented for aprotic ILs. Typical conditions for the vaporisation of aprotic ILs either make use of UHV chambers with a nominal pressure of 1 Â 10 À7 mbar with temperatures still ranging mostly above 100 1C or employ highly elevated temperatures. 12 Detailed studies of the vapour phase have proven that under distillation conditions neutral contact ion pairs are the dominant species. 13 In the case of protic ILs, volatility can be ascribed to the acid base equilibrium in the substance being directly correlated with the difference in pK a values of the cation and the anion's conjugate acid. Here the parent acid and base form the volatile species, while the vapour pressure depends on the acid-base equilibrium. 14 However, the differentiation between protic and aprotic ILs is not as straightforward as it was assumed for some time. Recent investigations have proven that, on the one hand, several protic ILs distil as neutral ion pairs, if the respective pK a difference is very large. 15 On the other hand, if the IL anion is sufficiently basic, e.g. acetate, some 1,3-dialkylimidazolium salts distil as the formal parent acid and base, e.g. acetic acid and the 1,3-dialkyl-NHC. 16 The volatile components still form a strongly hydrogen bonded complex though. These discrepancies motivated us to investigate the phenomenon in more detail. In contrast to 1 and 3, [BMPyr] [HS] (5) does not vaporise undecomposed. In this case, decomposition occurs in the form of a ring opening S N 2-type attack. We were able to extend the series of volatile hydrosulphide salts to the C2-methylated [EMMIm] [HS] (2), though. This proves that the unusual volatility cannot be solely based upon strong hydrogen bonds from the apical proton. Also, the heavier homologue [EMIm] . While the determined vaporisation enthalpies of the hydrochalcogenide salt are mostly higher than that of [BMIm] [TFSI], the temperature at which the compounds exhibit a significant mass loss rate is strikingly low. In contrast to [BMIm] [TFSI], which has to be exposed to an average temperature of 632 K, the imidazolium hydrochalcogenides showed comparable volatility at average temperatures below 417 K. This difference of more than 200 K is in accordance with the very high volatility under sublimation conditions in vacuo. Note that, whereas under vacuum conditions a true sublimation occurs, in the TGA experiments at ambient pressure the elevated temperatures cause a vaporisation from the molten phase. The surprisingly low sublimation enthalpy of [BMPyr] [HS] has to be attributed to the decomposition, although T av lies significantly below T m . As the small sample volume and the instability of the hydrochalcogenide salts under ambient conditions prevented an examination of the remainder in the TGA crucibles, we conducted vaporisation experiments for salts 1 and 5 at 1 bar and 100 1C under inert conditions. Here the condensate of [BMPyr] [HS] consists only of decomposition products as well. In the case of [EMIm][HS], a mixture of 61% IL and 39% decomposition products was observed. For both compounds, the residual substance showed only a minor degree of thermolysis, which confirms that the decomposition products are significantly more volatile than the IL. Thus, the determined vaporisation enthalpies do not represent the pure compound's inherent value, as also for the imidazolium salts, a partial decomposition has to also be anticipated. To determine the vaporisation enthalpies of these salts experimentally, studies in a vacuum using the Langmuir or Knudsen evaporation method are mandatory. We calculated the cohesive energies of the imidazolium ILs 1 to 4 within the density functional theory (DFT, please refer to the ESI ‡ for details) in order to estimate the DH vap values (Table 1) . The results are in reasonable agreement with the TGA experiments and, with the exception of the value for salt 2, are slightly larger by about 10 kJ mol
À1
. In view of the recent observation that imidazolium ILs with sufficiently basic anions act as pseudo-protic ILs during vaporisation 16 and the unusual volatility of the present imidazolium hydrochalcogenides, we applied the DFT as well as EI mass spectrometry to identify the gas phase species. As has to be expected, the EI mass spectra do not show any single ion pairs (SIPs). Instead, the respective carbene, its fragments and hydrogen sulphide as the conjugate acid are observed. This agrees well with the results of Hollóczki et al., who observed the same phenomenon with imidazolium acetate ILs. 16 Also, the respective dialkylimidazole-2-chalcogenone, which was identified as a thermal decomposition product, could be found in the EI mass spectra. DFT calculations concerning the most stable single ion pairs of [EMIm] [HS] in the gas phase were conducted on the BP86/def2-TZVP level. An ion pair, where the HS anion is positioned above the plane of the imidazolium cation, was found to be the most stable configuration (Fig. 3) . This structure is not solely based on electrostatic interaction but can partially be attributed to a weak p-type orbital interaction between the HOMO of the anion and the LUMO of the cation. Similar interactions were already observed for imidazolium ILs with several anions. 18 Ion pairs, in which the cation forms a hydrogen bond to the hydrosulphide via the C2 proton, and which have to be regarded as a pre-complex to the carbene formation, are on the DFT level predicted to be at least 16.9 kJ mol À1 higher in energy (Fig. 3) . The complete dissociation to a free carbene and hydrogen sulphide is energetically disfavoured, but only to a small extent, thus allowing its occurrence (DH 0 = +48.1 kJ mol À1 for a singlet carbene). On the basis of these calculations, several SIP structures are viable for the selected system. Together with the results from EI MS experiments, the vaporisation of H 2 S and the corresponding carbene appears likely. This is, however, strongly contradicted, by the quantitative sublimation in a dynamic vacuum. That the carbene is the major component detected in the EI mass spectra, leads us to agree with Hollóczki et al. that the very low pressure of the mass spectrometric experiments may lead to the dissociated molecules being favoured due to entropic reasons. 16 During the actual sublimation, the p-complex and H-bonded structures have to dominate. A further non-negligible observation is the presence of 1,3-dialkyl-imidazole-2-chalcogenones among the decomposition products and in the EI mass spectra. The preferred decomposition pathway for imidazolium cations in the presence of highly nucleophilic reaction partners is demethylation. 19 This is in accordance with the alkylimidazoles being the major component of the decomposition mixture, as investigated by NMR spectroscopy and also certified by DFT calculations (see the ESI ‡ for details).
The stability of imidazolium cations towards related but solvated HO À ions is strongly dependent on the substitution pattern.
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In several literature reports, the formation of imidazole-2-chalcogenones results from the reaction of the respective NHC with elemental chalcogen or polychalco-genides. 21 While the presence of carbenes is absolutely feasible in view of the previous results, elemental chalcogen or poly-chalcogenides can be excluded in the sublimed and colourless samples. To the best of our knowledge, and in contrast to the heavier homologues, neither homolytic cleavage to elemental sulphur and hydrogen nor equilibria including polysulphide anions are known for pure hydrosulphide salts. While the latter reaction pathway cannot be fully excluded due to the so far unknown influence of the organic cation, we have investigated an alternative formation pathway by computational methods. As already noted by Hollóczki et al., a neutral thiol species A, resulting from a nucleophilic attack of the hydrosulphide at the C2 position cannot be stabilised. 16 This reaction becomes energetically favoured though, if a concerted deprotonation of the respective hydrosulphide is considered (Scheme 2). The resulting thiolate B has to be regarded as a strong hydride donor that will react with the strongest acid present, which is again the hydrosulphide anion. This leads to the formation of imidazole-2-thione, molecular hydrogen and formally a sulphide dianion, which will immediately react with the next imidazolium cation initiating an autocatalytic cycle. The reaction sequence is, according to DFT calculations for the gas phase, exothermic by À6.3 kJ mol À1 in the first and À51.0 kJ mol À1 in the second step.
Owing to the complexity of the multimolecular reactions, no transition states could be calculated. Nevertheless, this pathway appears to be a viable alternative for the formation of imidazole-2-chalcogenones in the absence of polychalcogenides.
In conclusion, we presented a new and exceedingly convenient access to pure hydrosulphide and hydroselenide organic salts by reaction of methylcarbonate ILs with H 2 E (E = S; Se). The title compounds are promising reagents, e.g. for the low temperature synthesis of metal chalcogenide clusters and semiconductor materials under ionothermal flux conditions, or as weakly solvated super nucleophiles in organic and inorganic syntheses. In contrast to earlier experiments on dissolving sulphur in ILs, 4a,c,7 these salts may allow the preparation of pure polysulphides, used e.g. as redox mediators in quantum dot sensitised solar cells. Imidazolium hydrochalcogenides exhibit remarkably high volatility, which allows their sublimation under moderate vacuum and at temperatures below 100 1C. DFT calculations were employed to calculate the most stable gas phase structures and the sublimation enthalpies of the respective salts. At elevated temperatures, decomposition occurs, the pathways of which have been backed by quantum chemical calculations. EIG and RB gratefully acknowledge support from the DFG (SPP 1191). LHF and JS thank the VCI (FCI grant for LHF) and the DFG (GRK 1782) for financial support.
